1. Reduced activities of four enzymes from brush borders were found in intestinal biopsies from patients with untreated coeliac disease. The activities returned towards control values after treatment by gluten withdrawal. Parallel changes were noted for the cytosol enzyme lactate dehydrogenase.
Introduction
The jejunal mucosal lesion in coeliac disease is characterized by an immature and irregular absorptive epithelium and an intense inflammatory cell infiltrate consisting mainly of lymphocytes and plasma cells with loss of villous structure (Doniach & Shiner, 1957) . Two main hypotheses have been suggested to explain the pathogenesis of this lesion (Booth, 1970) . Fraser (1956) suggested that the specific deficiency of a mucosal peptidase, essential for the breakdown of gluten, resulted in accumulation of 'toxic' fractions of gluten and that these, in some way, were responsible for mucosal damage. More recently, there has arisen evidence supporting a second hypothesis-that immunological mechanisms play a primary role in the pathogenesis of coeliac disease (Douglas, Crabbe & Hobbs, 1970; Doe, Henry, Holt & Booth, 1972; Shiner, 1973) . When gluten is reintroduced into the diet of successfully treated coeliac patients, an acute inflammatory reaction occurs in the intestinal mucosa with increased synthesis of IgA and IgM by the mucosa (Loeb, Strober, Falchuk & Laster, 1971) . This is partly due to increased antigliadin antibody production . Morphological and immunofluorescence studies suggest that immune complexes form in the intestinal mucosa causing complement activation and consequent tissue damage (Doe, Booth & Brown, 1973) . Neither of these two hypotheses, however, fully explains enterocyte damage.
Lysosomes are subcellular organelles, containing highly active enzymes capable of hydrolysing lipids, proteins, complex carbohydrates and nucleic acids, and have been implicated in a general pathway of cell damage (de Duve & Wattiaux, 1966) . Disruption of the lysosomes within the enterocyte would be expected to release these hydrolytic enzymes, causing significant cell damage. The present study describes, for the first time, the properties and enzymic activities of lysosomes in normal human intestinal mucosa and in mucosa from patients with untreated and treated coeliac disease. Changes are demonstrated in these organelles consistent with their having a role in the pathogenesis of the mucosal damage in coeliac disease.
Materials and methods

Patients
Jejunal biopsies were performed on thirty patients diagnosed as having coeliac disease, on the basis of a flat jejunal mucosa and responsive clinically and, in most cases, morphologically to a gluten-free diet. Fifteen patients were taking a normal diet at the time of biopsy. Biopsies from the remaining fifteen patients showed a morphological response to gluten withdrawal varying from partial villous atrophy to an almost normal mucosa. Control biopsies were taken from patients under investigation for possible gastrointestinal disease. All control biopsies showed completely normal appearances to dissectingmicroscope and histological examination. Biopsies were taken from the proximal jejunum either with a Quienton hydraulic multiple biopsy machine or a modified Crosby capsule.
Tissue for total enzyme activity was stored in liquid nitrogen until assayed. It was then thawed in 3 ml of an ice-cold solution containing sucrose (300 mmolfl), disodium EDTA (1 mmol/l) and ethanol (22 mmol/l) (SVE medium, pH 7'4) and disrupted in a small Dounce homogenizer with a tight-fitting pestle. The homogenate was stored at -20°C until all the assays were complete. Fresh biopsies were used for measurement of latent, sedimentable and released enzyme activities. This tissue was collected in 3 ml of ice-cold SVE medium and disrupted with ten strokes of a loose-fitting pestle.
Subcellular fractionation
The tissue homogenate from the fresh biopsy was centrifuged at 800 g for 10 min in an MSE 4L centrifuge (Measuring and Scientific Equipment, Crawley, Sussex). After removal of the supernatant, the pellet was resuspended in 2·0 ml of SVE medium with a further three strokes of the loose pestle and centrifuged again at 800 g for 10 min. The pellet (nuclear fraction) was shown by phase-contrast microscopy to consist of nuclei, brush borders and undisrupted interstitial cells. The combined postnuclear supernatants were kept in an ice bath and aliquots were used for determining latent and sedimentable enzyme activity.
Portions (3 m!) of the postnuclear supernatant fraction were centrifuged at 20 000 g for 20 min in an 8 x 10 ml angle-head rotor in an MSE Superspeed 40 ultracentrifuge. The supernatant (PLS fraction) was separated and the pellet (ML fraction) was suspended in 1 ml of SVE medium with five strokes of the tight pestle.
Biochemical assessment of lysosomal integrity
Latent N-acetyl-p-glucosaminidase was determined by assaying the enzyme activity in SVE medium with the appropriate buffered substrate in the absence (free activity) or presence (total activity) of Triton XIOO (100 mg/100 m!) and was expressed as a percentage: total activity -free activity x 100. total activity Sedimentable and recovered enzyme activity was determined by measuring the enzyme with the appropriate buffer in the presence of Triton XIOO (100 mg/IOO m!) in the postnuclear supernatant, ML and PLS fractions and was expressed as a percentage: activity in ML fraction x 100. activity in ML and PLS fractions Recovery was expressed as a percentage: activity in ML and PLS fractions x 100. activity in postnuclear supernatant fraction .
Released enzyme activity was determined by assaying activities in the postnuclear supernatant and nuclear fractions and was also expressed as a percentage: activity in postnuclear supernatant fraction x 100. activity in postnuclear and nuclear fractions
Analytical methods
Hydrolase activities were determined by the highly sensitive methods employing fluorigenic substrates described by Peters, Muller & de Duve (1972) . Table  1 shows the assay conditions. Protein was determined by a micro-modification of the method of Lowry, Rosebrough, Farr & Randall (1951) . Lactate dehydrogenase (EC 1.1.1.27) was assayed by the fluorigenic method of Lowry, Roberts & Kapphahn (1957) . Brush-border lactase was assayed in the presence of p-chloromercuribenzoate as proposed by Asp & Dahlquist (1972) . Enzyme activities are expressed as international munits{mg of protein.
Substrates were obtained from Koch-Light Laboratories, Coln brook, Bucks. Fig. 1 shows the activities of the four brush-border enzymes in biopsies from control subjects and from patients with adult coeliac disease both before and during treatment with gluten withdrawal. All four enzymes showed a similar pattern with a highly significant decrease in specific activity in the biopsies from the untreated patients. The decrease was particularly striking for brush-border p-galactosidase (lactase). In the treated coeliac group, intestinal brush-border enzyme activities returned towards normal values, paralleling morphological and functional improvement. Recovery of lactase activity after treatment was less than that found for other brush-border enzymes. Table 2 shows the specific activities of six acid hydrolases and of lactate dehydrogenase, a cytosol enzyme, in homogenates of biopsies from control subjects and from patients with coeliac disease. Mean activities of all acid hydrolases were significantly higher in untreated patients than in control subjects. The increase in activity differed for each enzyme, with acid phosphatase showing the smallest rise (l·4-fold). Enzyme activities in treated patients decreased towards normal values. For acid phosphatase and acid diesterase, there was no significant difference between control values and values in treated patients. The other acid hydrolases showed <t <t <t
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(5) significantly elevated activities compared with controls but the values were lower than in the untreated patients. The cytosol enzyme lactate dehydrogenase, in contrast to the acid hydrolases, showed a significant decrease in untreated coeliac mucosa with a return to normal activity after treatment.
Fractionation experiments
Brush borders. Table 3 shows the sedimentable, recovered and released activity for the two brushborder enzymes studied and for protein. Marked differences were found between the control subjects and untreated patients groups for these parameters.
The sedimentable activity tYo) showed a small but significant decrease in the untreated patients with return to the normal range after treatment. No significant change in the recovery CYo) was noted for the three groups studied. The changes in the released activity (%) were particularly marked. The biopsies from the untreated patients released over half of the activity into the postnuclear supernatant fraction whereas the control and treated specimens release only one-third of the activity. Changes in protein concentration of biopsy material paralleled changes shown by brush-border enzyme activities but were not significant. Lysosomes. Table 4 shows the latent, sedimentable, recovered and released acid hydrolase activities in fractionated mucosal biopsies. Latent N-acetyl-pglucosaminidase was strikingly lower in untreated patients but biopsies from treated patients showed activities nearer to those of control subjects but just significantly less. The patterns of change of the sedimentable, recovered and released activities of the four acid hydrolases were very similar. Biopsies from patients with untreated coeliac disease showed decreased sedimentable acid hydrolases. This was most marked for N-acetyl-p-glucosaminidase but the other enzymes also showed a significant decrease. The sedimentable acid hydrolase activities (%) in the biopsies from treated patients were all within the normal range. No significant change in recovered enzyme activity was found for any of the four enzymes in the three groups of patients studied. The released enzyme activity (%) showed higher values for the biopsies from untreated coeliac disease than for the control subjects but only for acid p-galactosidase and acid phosphatase were the differences statistically significant. For these two enzymes the activities returned to within the normal range after treatment.
Discussion
These data confirm the many previous studies that have shown reduced activities of brush-border enzymes in biopsies from patients with untreated coeliac disease and provide biochemical evidence for increased brush-border fragility. Evidence of lysosomal abnormalities is shown in biopsies from patients with untreated coeliac disease.
Brush-border changes
The reduced activities in coeliac disease of the four brush-border enzymes assayed in the present study are in good agreement with those of previous workers (Plotkin & Isselbacher, 1964; Sheehy & Anderson, 1965; Weser & Sleisenger, 1965; Ferguson, Watson, Maxwell & Fell, 1968; Cohen, McNamara, Blumenfeld & Arias, 1970; Campbell, Cowen, McGeary & Gaffney, 1972; Berg, Dahlquist, Lindberg & Norden, 1973; Cerf, Chariot, Fox & Debray, 1973) . The return towards normal values noted in our treated patients was also found by these workers. The striking reduction in brush-border p-galactosidase with only a slow and often incomplete return to normal values with treatment was recently confirmed with lactose as substrate by the study of Pena, Truelove & Whitehead (1972) .
The fractionation studies provide biochemical evidence of increased brush-border fragility. After gentle homogenization, most of the brush border from normal intestinal mucosa sediments with the nuclear fraction (Hubscher, West & Brindley, 1965; Porteous & Clarke, 1965; Peters, 1970) .In the present study, approximately two-thirds of the brushborder marker enzymes were found in the nuclear pellet. In coeliac mucosa, however, only half of the brush-border enzymes, a-glucosidase and alkaline phosphatase, were found in the low-speed pellet. In addition the sedimentable brush-border enzyme activity (%) at 20000 g for 20 min is less for the coeliac mucosa than for the control tissue. Thus under the standardized homogenization procedure brush borders from coeliac enterocytes are more readily fragmented than those from normal tissue. These findings indicate that the microvilli of coeliac enterocytes are more fragile than normal. These biochemical findings are in agreement with the electron-microscope studies, which have shown blunted, stunted and bifid microvilli in untreated coeliac disease (see Shiner, 1967) .
Lysosomal changes
Lysosomes are defined biochemically as subcellular organelles containing latent and sedimentable acid hydrolases (de Duve & Wattiaux, 1966) . The present study fulfils these criteria for N-acetylp-glucosaminidase and, in addition, demonstrates that at least a proportion of five other acid hydrolases are similarly located. Analytical subcellular fractionation of the postnuclear supernatant fraction on sucrose density gradients has also shown a predominantly lysosomal localization for these acid hydrolases (T. J. Peters, unpublished observations).
There are marked morphological changes in the mucosa in coeliac disease and in particular an infiltration of round cells, mainly lymphocytes and plasma cells. It is unlikely that the increased specific activity of the five lysosomal enzymes in this tissue merely reflects this cellular infiltration of the mucosa. Histochemical studies of human intestine have indicated greater activities of several lysosomal enzymes (acid phosphatase, p-glucuronidase, lysosomal esterases and N-acetyl-p-glucosaminidase) in the enterocytes than in the other cells of the mucosa (Riecken, Stewart, Booth & Pearse, 1966) . Studies on isolated human peripheral blood lymphocytes and polymorphonuclear leucocytes (Boyum, 1968) have shown that their content of acid hydrolases (expressed as munits/mg of protein) is between onethird and one-twentieth that of human mucosal biopsies from coeliac patients (T. J. Peters, unpublished results) . Thus complete replacement of the tissue by these phagocytic cells would not be expected to attain levels of enzyme activities found in coeliac biopsies. Similar conclusions were reached by Danovitch, Gallucci & Shora (1972) in their study of Iysosomes in ulcerative colitis. They found reduced lysosomal enzyme activities in colitic biopsies even though there was a marked inflammatory cell infiltrate. However, it will be necessary to isolate the epithelial cells from the rest of the mucosa and then to study their lysosomes before definite conclusions can be reached on these points.
There have been few previous assays of lysosomal enzymes in coeliac disease. Nordio, Cordone, Gatti, Marchi, Moscatelli & Vignola (1970) assayed p-glucuronidase and acid phosphatase activities in intestinal biopsies from children with coeliac disease. Increased activities of the former but not of the latter enzyme were found. It is noteworthy that in the present study using highly sensitive assays the increase in acid phosphatase activity was less than for the other lysosomal enzymes. A recent study of pteroylpolyglutamate hydrolase (folate conjugase) in coeliac disease reported raised intestinal activities of this enzyme in untreated patients but normal values in those successfully treated (Jagerstad, Lindstrand, Norden, Westesson & Lindberg, 1974) . This enzyme is also localized to Iysosomes in intestinal mucosa (Hoffbrand & Peters, 1969) .
The decreased latent N-acetyl-p-glucosaminidase and reduced sedimentable acid hydrolase observed in the untreated coeliac mucosa provide strong evidence of lysosomal fragility, with enhanced loss of these enzymes from the organelle during the isolation procedure. The exact nature of this increased fragility is uncertain. First, it may indicate an increased permeability of the lysosomal membrane. Histochemical staining reactions for lysosomal enzymes in coeliac mucosa have shown a diffuse deposition of reaction product, suggesting an increased permeability of the lysosomal membrane (Riecken et al., 1966) . Secondly, the changes in latent activity may reflect an increase in size of the lysosomes in the coeliac mucosa, possibly due to the accumulation of some poorly degradable material (e.g. gluten). Electron micrographs of coeliac mucosa (Padykula, Strauss, Ladman & Gardner, 1961; Riecken et al., 1966; Rubin, Ross, Sleisenger & Weser, 1966; Shiner, 1967) show prominent, often enlarged and irregularly shaped lysosome-like structures favouring the second hypothesis.
These lysosomal changes and a role for the lysosome in the pathogenesis of the enterocyte damage in coeliac disease is compatible with both a direct toxic effect of gluten or with an immunological mechanism. A less likely possibility is that a lysosomal abnormality, e.g. the absence of an enzyme normally capable of degrading gluten, is the primary lesion in coeliac disease. Although gluten is hydrolysed by the combined action of intraluminal and enterocyte proteases and peptidases it is possible that a small proportion of intact or only partially degraded gluten enters the enterocyte directly by the process of pinocytosis. These pinocytic vesicles would then be expected to fuse with primary lysosomes which are conveniently concentrated in the apical region of the enterocyte (Trier & Rubin, 1965; Hugon & Borgers, 1968) . If the Iysosomes of coeliac mucosa lack a particular enzyme necessary for the complete degradation of gluten, e.g. a protease (cathepsin) or a carbohydrase, then accumulation of these undegradable products may cause distension and disruption of the lysosome, resulting in the release of highly lytic enzymes initiating cell damage.
It has been suggested that deficiency of a specific peptidase is responsible for the aetiology of coeliac disease (Fraser, 1956 ), although there is significant evidence to the contrary (Douglas & Booth, 1970) . Recent studies by R. R. W. Townley and colleagues have reinvestigated the 'missing peptidase hypothesis' and have isolated fractions from gluten digests that are resistant to hydrolysis by coeliac mucosa but are readily digested by normal intestinal mucosa (Cornell & Townley, 1973a) . This peptide fraction produces morphological damage to coeliac mucosa ill vitro (Townley, Bhathal, Cornell & Mitchell, 1973) . It is also claimed that this fraction labilizes lysosomes (Cornell & Townley, 1973b) , but the method used by these workers for isolating this organelle (Savant, Shibko, Kumta & Tappel, 1964) has been severely criticized (Beaufay, 1972) . Dolly & Fottrell (1969) in a preliminary report have also claimed that gluten specifically labilizes lysosomes from rat liver. Our attempts to labilize rat and human intestinal lysosomal fractions with various gluten preparations have been unsuccessful (T. J. Peters & D. J. Evans, unpublished observations).
Current interest centres on a possible immune complex-mediated intestinal damage in coeliac disease that may also invoke lysosomes in the pathogenesis of cell damage. The mechanism of lysosomal release by immunoreactive products has been recently reviewed by Weissman, Zurier & Hoffstein (1972) . Immobilized immune complexes excite a form of 'frustrated phagocytosis' with release of the acid hydrolases into the surrounding medium. It has also been shown that pinocytosis of aggregated antigen-antibody complexes by phagocytic cells may lead to release of lysosomal enzymes by 'regurgitation'. Although these studies of lysosomal enzyme release have mainly been carried out on leucocytes, similar phagocytic activity by enterocytes could result in lysosomal enzyme release. Further work is necessary, however, before immunological processes occurring in the coeliac mucosa are clearly defined.
A return towards normal of the various lysosomal parameters after treatment by gluten withdrawal does not help to distinguish between the possible roles of this organelle in the pathogenesis of the disease process. Removal of gluten will relieve the burden of undegradable substrate or of toxic peptides on the lysosomes. Similarly gluten withdrawal would be expected to reduce any lysosomemediated immunological assault on the enterocyte. This return to normality in the lysosomal changes after gluten withdrawal renders it unlikely that they represent sites of a primary defect but the changes may nevertheless be of importance in the pathogenesis of the enterocyte damage.
